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Sodium alginate hydrogels have served as a versatile and reliable tool for biomedical
applications such as 3-D cell encapsulation, both in vitro and in vivo. In the past, these
hydrogels have formed via ionic or covalent cross-linking of the alginate chains upon the
modification of its functional groups. Hereby, we employ a technique to modify hydroxyl
groups of the alginate backbone to alkoxyamine groups (-O-NH2), and we verify such
modifications in 1D and 2D NMR. Alkoxyamine groups belong to the field of click
bioorthogonal polymer cross-linking. In the presence of aldehyde-modified alginate
chains, both polymers can form an oxime reversible covalent crosslinks, which have been
proven to be responsive to environmental variables such as pH and temperature. Upon
hydrogel formation in physiologically relevant aqueous media (pH 7.4, 37ºC), gels of a
wide variety of stiffnesses (storage moduli of G’eq = 103 Pa - 12 kPa) and viscoelasticity
(mean stress relaxation times 〈τ〉 = 4.2 h – 56.2 h) can be achieved. These properties are
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1. INTRODUCTION
1.1. Hydrogels.
Hydrogels are a class of materials of polymeric nature which have the feature of a high
composition of water, up to a 90 %wt or above; all of which provides them with the prefix
‘hydro’. Some hydrogels even have the ability of uptaking further amounts of water
depending on their nature1–5.
The polymers that comprise hydrogels are hydrophilic, which allow them to be in
aqueous solution previous to the formation of the material. The material formation takes
place when the polymer chains that are flowing and entangled in the solution start to
physically or chemically interact mutually, so they form a matrix or network that interlocks
the water molecules inside. This phenomenon is denominated as “crosslinking”.
1.1.1

Crosslinking.

There are two sorts of polymer crosslinks which arise from the different interactions that
polymer molecules can have in such a way to form a network.
1.1.1.1 Physical crosslinks.
Physical crosslinks are characterized by weak junctions of non-covalent nature which
form either by polymer entanglements or physical interactions such as hydrogen bonds,6,7
ionic bonds8 or hydrophobic interactions.9 The weak nature of these interactions negatively
affect the gels they form in such a way that they do not have significant thermal and
mechanical stability.
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1.1.1.2 Chemical crosslinks.
Chemical crosslinks comprise bonds of covalent kind. These bonds, unlike physical
interactions, provide mechanical stability to the networks they form; and thermal stability to
the extent of the chemical stability of such bond.
Within the last two decades, a set of various covalent crosslinking chemistries have been
developed for the panorama of hydrogel network formation and bioconjugation.10–15 These
click chemistries form covalent bonds, characterized as highly stereospecific, efficient and
producing innocuous side products such as water; for which, these have been denominated
as “click” crosslinking reactions. However, these covalent crosslinking reactions still
comprise two differentiated groups: irreversible and reversible crosslinks.
1.1.1.2.1 Irreversible crosslinking reactions.
A number of irreversible reactions which fit the framework of “click chemistry” have
been explored, and among thosee can be found: Copper(I) catalyzed azide-alkyne
cycloaddition (CuAAC) 16,17, thiol-ene18 and Diels Alder19 reactions. Hydrogels formed with
these bonds as crosslinkers typically demonstrate great stability, both in thermal and
mechanical aspects. However, in some cases, they have shown complications for some
biomedical applications due to the presence of non-biorthogonal catalysts (Cu(I)) or the
necessity of recurring to UV light for triggering the bond formation.
1.1.1.2.2 Reversible crosslinking reactions.
A second set of click crosslinking reactions have been explored, which are those of
reversible nature. Unlike irreversible bonds, reversible ones introduce an additional set of
variables that play a role in the stability of the crosslinks, i.e., equilibrium constant (Keq),
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kinetics of bond formation and chemical affinity. These variables also have further
dependence on thermodynamic variables such as temperature, pressure and pH.20,21
The reversible “click” chemistries that have been explored are of carbonyl-intervening
nature. Carbonyls (aldehydes or ketones) react with amine (-NH2), hydrazide (-NH-NH2) and
alkoxyamine (-O-NH2) counterparts in order to yield imine22 (-N=C-), hydrazone23 (-NHN=C-) and oxime24 (-O-N=C-) covalent bonds, respectively. These bonds are
thermodynamically reversible in a wide range of thermodynamic conditions, including those
physiologically relevant (37ºC, pH = 7.4). These chemical bonds have the additional feature
of granted biorthogonality, given the innocuous nature of the side product formed (water),
their inert behavior towards a number of biomolecules and metabolic processes; and the null
cytotoxicity of the intervening bonding partners to cells. A characteristic of reversibly
crosslinked hydrogels is that they show the ability or reorganize their networks by means of
having the bonding functional groups undergo detachment and reattachment with their
reaction partners. This behavior confers the hydrogel matrix with a set of mechanical
characteristics very distinct of those of irreversibly bonded networks.

3

Figure 1. “Click” crosslinking reactions15.

So far, imine and hydrazone bonds have been widely explored as reversible covalent
bonds in hydrogels or in bioconjugation, due to the high chemical availability of amine
groups and/or easy conversion of carboxylic acid groups to hydrazide groups in various
biological molecules such as peptides, proteins, biopolymers as well as some synthetic
polymers. Comparably, oxime chemistry has been relatively left unexplored for such
purposes until much simpler, safer and more straightforward chemical pathways25–27 to
introduce alkoxyamine groups have been developed. The oxime formation reaction has its
kinetics dictated by temperature and pH, it can be catalyzed with the help of aniline.28–30 Or
similar molecules.31
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Figure 2. Oxime reversible crosslink.

1.2. Polymers in hydrogels.
A number of different polymers of natural32 and synthetic33 nature have been utilized as
a platform for hydrogel formation. Among these kinds, polysaccharides such as chitosan34,
hyaluronic acid35,36 and sodium alginate37 have been employed in the side of natural
polymers. On the other hand, poly(ethylene glycol)38 (PEG), poly(acryl amide)39 (PAAm) or
poly(vinyl alcohol)40 (PVA) have been explored as hydrogels for biomedical applications.
1.2.1

Sodium alginate (NaAlg).

Sodium alginate (NaAlg) is a polysaccharide formed by a sequence of epimer blocks, bD-mannuronate (M) and a-L-guluronate (G), distributed in a non-patterned array. As most
polysaccharic molecules, it is only soluble in water, which narrows down its range of
application to solely aqueous systems. Interestingly, its property of being ionically
crosslinked in the presence of divalent cations such as Ca2+ has been widely utilized for the
formation of hydrogel networks for various biomedical applications including cell
encapsulation8,41,42 or bioprinting43–45.

Figure 3. Structure of NaAlg and carbon position numbering.
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In the last decade, the barrier of water solubility of many polysaccharides has been
overpassed by a technique which replaces the original Na+ ions with tetrabutylammonium
(TBA+) ions46–49; allowing the polysaccharide chains to solubilize in some organic solvents,
thus, widening the scope of chemical modifications available, including for NaAlg.

1.3. Mechanical properties and viscoelasticity of hydrogels.
The vast range of applications of hydrogels is given not only by their characteristics in
the chemical (molecular) level, but also their behavior in the macroscopic level. This physical
behavior is studied by means of the mechanics of the hydrogel network.
The mechanics of deformation of matter are studied in the field of rheology, which
comprises the deformation of solids, liquids, and substances “in between”. Theoretically,
pure solids are characterized by their elastic modulus (Young’s Modulus, E), pure liquids are
characterized by their viscosity (Newton’s dynamic viscosity, µ), and the characteristics of
the substances “in between” are characterized with respect to both.
The substances that are neither purely elastic or purely liquid are denominated as
“viscoelastic”50–53. Their mechanical characteristics are expressed by means of the “complex
modulus”, which is defined as follows:
𝐺 ∗ = 𝐺 & + 𝑖𝐺"
(Eq. 1)
where G* is the complex modulus, G’ is the storage modulus and G” is the loss modulus.
These two magnitudes relate to Young’s Modulus and Newton’s dynamic viscosity (G’~E,
G”~µ). In other words, “storage modulus” refers to the ability of pure solids to elastically
store energy upon deformation, whereas “loss modulus” refers to the ability of liquids to
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dissipate energy upon heat dissipation by molecule reorganization at the molecular level. The
definition of a complex modulus allows to characterize viscoelasticity as a summation of the
simultaneous contributions of solid and liquid behavior. Additionally, it is possible to
characterize the proximity of a substance to elastic or liquid behavior upon defining a “phase
angle”, which is defined as follows:
tan (𝛿) =

𝐺"
𝐺′
(Eq. 2)

where 𝛿 is the denominated phase angle.
Under this framework, there are five possible scenarios:
1. Pure solid: the mechanical behavior is governed by elasticity. Therefore, G” = 0,
which makes: tan(𝛿) = 0 and 𝛿 = 0º.
2. Gel: the mechanical behavior is dominated by elastic behavior, although there is
presence of the viscous component. G”<G’, which makes: 0<tan(𝛿)<1, or, 0º< 𝛿<45º.
3. Critical gel: the substance has an equal contribution of elastic and viscous behavior.
Therefore: G” = G”, which makes: tan(𝛿) = 1, and 𝛿 = 45º.
4. Sol: the mechanical behavior is dominated by viscous behavior, although there is
presence of the elastic component. G”>G’, which makes: 1<tan(𝛿)<∞, or,
45º< 𝛿<90º.
5. Pure liquid: the mechanical behavior is governed by viscosity. Therefore, G’=0,
which makes: tan(𝛿) = ∞ and 𝛿 = 90º.
1.3.1

Rheology of hydrogels.

Hydrogels, depending of the nature of the crosslinking mechanism they have undergone
for their formation, can be considered in theory as purely elastic solids or gels. Their
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formation mechanism goes through all the stages mentioned in section 1.3. First, a polymer
solution (or mixture of polymer solutions) which can be considered a quasipure liquid,54
starts having its polymer chains interact and crosslink, which makes the magnitude of G’
start to grow as the polymer chains start to form a network, conforming a sol. When the
crosslinking reaction goes further and G’ = G”, the system is instantaneously denominated
as a critical gel, and beyond, it enters in the gel region. When the system has passed from a
sol to a gel system, this process is denominated as “sol-gel transition”, or “gelation”.
Nevertheless, as the crosslinking reaction goes beyond, the solid behavior goes further. Here,
the nature of the crosslinking chemistry plays a fundamental role on the final stage at which
the network results in. If the crosslinks are irreversible, the networks result purely elastic in
theory, whereas, if the crosslinks are reversible, the resulting networks are of gel nature.
1.3.1.1 Elastic hydrogels.
Elastic hydrogels are characterized by having irreversible crosslinks, which are described
in section 1.1.1.2.1. Upon the application of an external stress, elastic hydrogels are able to
store the energy in their covalent bonds, and to come back to their initial state upon release
of such outer stress. However, although denominated elastic, they may not be purely elastic,
due to the existence of plausible defects in the polymer network, unreacted crosslinking
partners, or the contribution of entanglements to the Young’s Modulus. Therefore, their
mechanic behavior is ruled by:
𝜎 =𝐸·𝛾
(Eq. 3)
where 𝜎 is the shear or elongational stress, E is the Young’s Modulus, and 𝛾 is the shear or
elongational strain.
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1.3.1.2 Viscoelastic hydrogels.
Viscoelastic hydrogels are characterized by having reversible crosslinks, among which
some covalent ones are described in section 1.1.1.2.2. Unlike elastic hydrogel networks, upon
the application of an external stress, viscoelastic hydrogels behave at first, as elastic
networks. However, the reorganizational nature of the reversible crosslinks allows the
network to adopt a new shape which is energetically more stable, without going through the
fracture of any bond, but the detachment and re-attachment of the crosslinking counterparts.
Viscoelastic gels have a set of responses that are characteristic of their reversible
crosslinks. Creep tests probe the response of a viscoelastic network upon the application of
an external stress.55

Figure 4. Creep test.55

Analogically, stress relaxation tests record the response to the application of a fixed strain,
which results in a decay of the stress generated by such deformation.56
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Figure 5. Stress relaxation test.56

Both tests are able to characterize the deformation overtime and reorganization of the
hydrogel network.
1.3.1.2.1 Viscoelasticity models.
Viscoelasticity can be modeled in several ways. Typically, elastic behavior has been
referred to a spring, characterized by its Young’s modulus; whereas viscous behavior has
been referred to a dashpot, whose response is characterized by Newton’s dynamic viscosity.
Several models have been developed in order to characterize viscoelastic behaviors:

1. Kelvin-Voigt viscoelasticity model: it is characterized by having a spring and a
dashpot laid out in parallel. It is used to accurately characterize the creep behavior of
gels.
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Figure 6. Kelvin-Voigt viscoelasticity model.55

2. Maxwell viscoelasticity model: it is characterized by having a spring and a dashpot in
series. It is mainly used to model the stress relaxation behavior.

Figure 7. Maxwell viscoelasticity model.55

3. Generalized Kelvin-Voigt and Maxwell-Wiechert models: typically, simple KelvinVoigt and Maxwell models are insufficient to accurately characterize the viscoelastic
response of real viscoelastic materials (and hence, hydrogels) in creep and stress
relaxation tests. Generalized models have been developed in order to represent the
behavior of such gels in an accurate way.57

Figure 8. Generalized Kelvin-Voigt model (left) and generalized Maxwell-Wiechert model
(right).55
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1.3.1.2.2 Stretched relaxation model.
Certain cases in which stress relaxation tests are carried out, many relaxation processes
can be involved in the stress decay (e.g. several polymer backbone relaxations, reptation,
crosslinking reorganization). These can be modelled with the Generalized Maxwell-Wiechert
model with several elements. However, when a high number of characteristic relaxation
times are involved, the overall stress decay can be modeled with a stretched exponential
decay function58,59 of the following form:
𝜎(𝑡)
𝑡 A
= exp ;− = @ B
𝜎7
𝜏?
(Eq. 4)
where 𝜎(𝑡) is the stress response over time, 𝜎7 is the initial stress, t is time, and 𝜏? and 𝛽 are
the characteristic stretched relaxation time and stretching exponent, respectively. This
function can be understood as a continuous summation of exponential decays60 via the
following expression:
H
𝑡 A
𝑡
exp ;− = @ B = D 𝑃(𝑡, 𝛽) · exp =− @ 𝑑𝑡
𝜏?
𝜏
7

(Eq. 5)
where 𝑃(𝑡, 𝛽) is a probability distribution normalized to one (Gaussian distribution for large
number of relaxation processes, Asymmetric Lévy stable distribution61 for small number of
them); and 𝜏 is the relaxation time of each relaxation process involved.
The moments of relaxation time are finite and given by:

〈𝜏 I 〉 =

𝑚
𝜏? · Γ = 𝛽 @
𝛽 · Γ(m)
(Eq. 6)
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where m is the moment magnitude. For m = 1, the first moment of the relaxation times (mean
relaxation time) can be found:
〈𝜏〉 =

𝜏?
1
· Γ= @
𝛽
𝛽
(Eq. 7)

1.3.1.2.3 Hydrogel network stability.
Ultimately, the stability of hydrogel networks can be tested by means of strain and
frequency sweeps. In such tests, a ramp of strain or frequency, respectively, is ran while
fixing the other variable.62 The existence of a plateau in such tests determines the regions
where viscoelastic behavior is linear, which is denominated as Linear Viscoelastic Region
(LVR).

Figure 9. Examples of: a) Frequency sweep test. b) Strain sweep test38.

In order for a network to be stable, it needs to fulfill two requirements:
•

G’ and G” need to be stable in a certain range of frequency or strain (plateau
shape).

•

The difference of magnitude between G’ and G” has to overpass an order of
magnitude (G’≥10·G”).
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1.4. Nuclear Magnetic Resonance spectroscopy.
Nuclear Magnetic Resonance (NMR) spectroscopy exploits the magnetic moment
created by spinning nuclei for chemical structure elucidation. This magnetic moment can be
manipulated to align with an external magnetic field and radio pulses bring the magnetic
moment to a non-equilibrium state. The process of returning back to its initial alignment state
is dictated by the local structure around the nucleus, which allows for the study of the
chemical structure of molecules.
There are a set of measurements which will be utilized in the current project in order to
obtain information from the polymer molecules dealt with.
-

1

H-NMR spectrum: this spectrum allows to distinguish different chemical environments

of protons and their resulting spectroscopic changes. One nucleus is monitored only via
one basic frequency; hence, it is considered one-dimensional NMR.
- (H)PRESAT: measures 1H-NMR with a pulse sequence which suppresses the peak of the
water and improves the dynamic range of the measurement with respect to the sample.
- COSY (Homonuclear Correlated Spectroscopy): probes the coupling between individual
protons and thus, allows to trace out the connectivity of atoms involved in the molecular
bonding framework. COSY allows to connect CHx building blocks and thus allows to
establish the connectivity of atoms in a molecule.
- HSQC (Heteronuclear Single Quantum Correlation): probes 1-bond C-H coupling and
thus establishes carbon building blocks within a molecule.

1.5. Objectives of the research.
Hereby, the objectives presented in this research project are four-fold:
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1. To modify the chemical structure of the NaAlg backbone in two different ways, in
order to separately obtain two modified versions that contain the reacting partners
which intervene in the oxime crosslink formation. For such purpose:
- A previously explored ring-opening oxidation reaction is used to obtain the
aldehyde-modified alginate (NaAlg-Ald), in such a way that the degree of oxidation
is tailored to yield the desired amount of aldehyde groups.
- An already reported modification of NaAlg is carried out in order to make the
polymer soluble in organic solvents. Further, such modification is used to transform
hydroxyl groups from the alginate backbone into alkoxyamine groups, forming the
desired sodium alginate with alkoxyamine functional groups (NaAlg-AA).
2. To synthesize and characterize alginate hydrogels which are crosslinked by the oxime
reaction partners introduced in the polymer backbones. The mechanical and
viscoelastic characteristics of these materials will be tested in order to study the
behavior of the oxime linkage, which depends on design parameters of choice (such
as ratios of each polymer, temperature, pH, availability of functional groups, etc.).
Further, upon the usage of different types of NaAlg-Ald with a variety of degrees of
aldehyde functionalization, to design hydrogels in which viscoelastic behavior can be
tailored.
3. To generate hydrogels of different geometries by working around the hydrogel
formation kinetics (i.e. the gelation time) in an electrojetting assembly.
4. To use the hydrogels for the encapsulation of a cell line. The biocompatibility of the
hydrogel platform chosen is probed; and dependence of the different stress
relaxations on the ability of a cell line to proliferate is tested.
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2. EXPERIMENTAL METHODS.
2.1.1

NMR measurements.

NMR spectra were recorded using a Varian (Germany) Unity Inova 500 MHz NMR
spectrometer. 1D (1H, (H)PRESAT), and 2D (gCOSY, gHSQCse) spectra were recorded at
40ºC in D2O unless otherwise stated. Water peak suppression spectra ((H)PRESAT) were
recorded with a mixture of 80% H2O/20% D2O with 1.0332 mM of 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS), and a 2-step purge water peak suppression pulse sequence
was employed. All spectra were recorded using the pulse sequences built in VnmrJ 4.2
software. Mestrelab Mnova NMR software was used for the analysis of the acquired spectra.
2.1.2

Hydrogel preparation.

Hydrogel precursor solutions with the alkoxyamine-functionalized alginate (NaAlg-AA)
and aldehyde-functionalized alginate (NaAlg-Ald) were made with MES buffer. The MES
buffer (0.1M, 0.9% saline) was prepared at different pH’s (4.7, 6.7, 7.4), and 0.1M 10%
NaHCO3/ 90% Na2CO3 buffer was prepared for pH = 9.1 for hydrogel formation. For the
formation of hydrogels, solutions of 5%w/v of NaAlg-AA and NaAlg-Ald were made
separately and mixed at different ratios; and different degrees of oxidation of NaAlg-Ald
were employed. Further, some gels prepared at various pH’s, carried 0.25 %wt aniline.
2.1.3

Rheological measurements.

Rheological measurements were performed with a Haake Mars 60 rheometer (Thermo
Fisher), using a titanium cone-plate geometry (20mm, 2º cone). Hydrogel precursors were
mixed in the lower rheometer plate. Unless otherwise stated, all measurements were carried
out at 37ºC, using a low viscosity mineral oil around the edge of the cone to prevent the
dehydration of the hydrogel. In order to record the evolution of the storage (G’) and loss (G”)
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moduli over time, Low Amplitude Oscillatory Shear measurement (LAOS) was used at a
shear amplitude of 0.5% and a frequency of 0.1 Hz for 24h. Furthermore, frequency sweeps
were performed ramping from 0.01 Hz to 10 Hz at a shear stress of 10 Pa. Stress relaxation
tests were executed upon applying an instantaneous 10% shear strain on the hydrogel and
recording the shear stress decay overtime.
Given the characteristics of the hydrogel formation process, some variables were defined:
“tgel” is the time point at which the crossover between G’ and G” takes place, when G’ starts
to take over the mechanical behavior of the hydrogel; G’eq and teq are the resulting storage
modulus and time when the hydrogel network has fully stabilized, which is defined as the
time when ∂G’/∂t=0. A representation of these variables can be observed in Figure 10:
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Figure 10. Examples of gel formation profile, showing tgel, teq and G’eq.
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3. POLYMER MODIFICATIONS.
3.1. Aldehyde-functionalized sodium alginate (NaAlg-Ald).
Aldehyde-functionalized sodium alginate (NaAlg-Ald) modification was carried out as
reported by Bouhadir and coworkers.63 The nature of such modification consists on the usage
of NaIO4 in order to yield the oxidative cleavage of the alginate diol, in positions C-2 and C3, represented in the following reaction scheme:

Figure 11. Oxidative cleavage of the alginate diol into double aldehyde with NaIO4.

For such modification, solutions of 2%w/v of NaAlg were set to react with sodium
metaperiodate (NaIO4) at different ratios during 24h for achieving a variety of degrees of
functionalization/oxidation. Such oxidative cleavage reaction is reported to have full
conversion37, thus, the selection of a certain stoichiometry (alginate ring : NaIO4) can allow
for the exact control of the degree of oxidation of NaAlg-Ald that is sought. A set of 25, 50,
70, 90 and 100% modified NaAlg-Ald were synthesized by controlling such stoichiometry,
and they are named as NaAlg-Ald-X, where X is the percentage of oxidation. The resulting
solutions were purified by dialysis against ultrapure water in three cycles of 1:200 dilution
factor. Last, such purified polymer solutions were frozen and freeze dried, yielding a material
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in the form of white cotton. Proof of the difference in functionalization of the different
formulations was found in 1H-NMR spectroscopy, both in a quantitative and qualitative way.
3.1.1

NMR analysis of NaAlg-Ald.

Different stacked 1H-NMR spectra were recorded for five different degrees of oxidation
of NaAlg-Ald, and also compared to the spectrum of pure NaAlg. Such measurements were
carried out in D2O at 40ºC.

NaAlg

NaAlg-Ald-25

*

*

*

*

*

*

NaAlg-Ald-70

*

*

NaAlg-Ald-90

NaAlg-Ald-50

*

NaAlg-Ald-100

6.1 5.9 5.7 5.5 5.3 5.1 4.9 4.7 4.5 4.3 4.1 3.9 3.7 3.5
Chemical shift (ppm)
Figure 12. Stacked spectra of degrees of NaAlg-Ald oxidation. (*) represent the hemiacetalic
protons corresponding to the aldehydes’ hydration.

It can be observed in the stacked spectra that as the degree of oxidation increases, the
signal corresponding to the hemiacetalic protons of the aldehydes’ hydration increase.
However, it can be observed that there are two peaks whose intensity develops as the
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percentage of modification increases, whereas the fully oxidized alginate (NaAlg-Ald-100)
only has one peak. This observation can be explained by the fact that the alginate rings exist
in the two geometric configurations G and M. Nevertheless, when the conversion reaches
100%, the G and M conformations are lost, turning the polymer from a chain of rings into a
purely linear polymer. Hence, the difference in chemical shift from the G and M groups is
disrupted and all the hemiacetalic protons adopt an equal chemical shift.
Quantitative analysis is enclosed in Appendix 1.

3.2. Alkoxyamine-functionalized sodium alginate (NaAlg-AA).
In order to introduce the alkoxyamine functionality into the backbone of the polymer, the
hydroxyl groups in positions C-2 and C-3 are chosen as target, and a series of steps in an
organic solvent have to be carried out.
The first step for the transformation of a hydroxyl group of alginate into alkoxyamine, is
the replacement of the proton of the (-OH) with a phthalimide structure. Such replacement is
carried out through a reaction called “Mitsunobi reaction”, which is a nucleophilic attack
reaction that displaces OH and introduces a nucleophile to the alginate backbone, in this case,
o-phthalimide.

Figure 13. Reaction scheme of Mitsunobi reaction.
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The second step is a hydrazinolysis, or phthalimide deprotection. In this step, hydrazine
is used in order to break down the structure of phthalimide and yield an amine group.
Provided that the phthalimide structure is linked to the alginate backbone with an oxygen,
once the second reaction takes place, an alkoxyamine group (-O-NH2) is be left attached to
the alginate.

Figure 14. Reaction scheme of hydrazinolysis reaction.

As mentioned, NaAlg, which is initially not soluble in any organic solvent, is modified
as mentioned in section 1.2.1, in order to make it soluble in organic solvents, in this case,
CH2Cl2.
For replacing the Na+ ion and introducing the TBA ion to yield tetrabutylammonium
alginate (TBA-Alg) (1), a modified protocol of that reported by Schleeh and coworkers47 is
followed.
In Figure 15, the chemical modification route to transform TBA-Alg (1) into NaAlg-AA
(4) is shown:
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Figure 15. Scheme of reaction pathway from TBA modified alginate (TBA-Alg, 1) into alkoxyamine modified
alginate (NaAlg-AA, 4).

3.2.1

Preparation of TBA-Alg.

NaAlg (8g) was added to a 1:1 mixture (v/v) of 0.6 M HCl solution and ethanol (500 mL)
and stirred for 3 h at 4 ºC. Upon the protonation of the carboxylate group of NaAlg, alginic
acid was formed and spontaneously precipitated. The white solid was retrieved by vacuum
filtration and dried in vacuo at 60 ºC for 24 h. White alginic acid (7 g) was suspended in
ultrapure water with stirring, and tetrabutylammonium hydroxide (TBAOH, 40 wt% solution
in water) was added dropwise until all the TBA-Alg (1) had formed and solubilized. The
solution was dialyzed against ultrapure water using a membrane of MWCO of 3.5 kDa,
followed by lyophilization and stored at 4 oC. 1H-NMR spectrum was measured, showing the
alginate backbone between d = 3.7 – 5.1 ppm. At lower chemical shift, the signals arising
from the four different proton positions present in TBA+ are shown, between d = 0.7 – 3.3
ppm.
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Figure 16. 1H-NMR spectrum of Na-Alg.
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Figure 17. 1H-NMR spectrum of TBA-Alg.
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3.2.2

Alginate-phthalimide (TBA-Alg-phthal) modification.

Upon dispersion of TBA-Alg (0.729 g) in 165 mL of CH2Cl2, triphenylphospine (PPh3,
4.916 g) and N-hydroxyphthalimide (3.058 g) were added, which gave an orange color to the
solution. The reactor was maintained at 4 ºC and purged with N2 gas. Diisopropyl
azodicarboxylate (DIAD, 3.163 mL) was added dropwise very slowly under vigorous
stirring. The solution turned to dark orange color and bubbling on the surface of the dispersed
TBA-Alg could be observed. After an hour, the reactor was brought up to the room
temperature and maintained under the inert atmosphere with continuous stirring for 48 h. The
reaction mixture of light yellow color was vacuum filtered for retrieving the TBA-Alg-phthal
(2). The solids were washed with ethanol multiple times and dried in vacuo at 65ºC for 48h,
yielding a white solid (0.712 g). NMR analysis of this polymer could not be carried out due
to insolubility in any known solvent. Also, as will be discussed later on, the conversion of
this reaction was extremely low, which made the identification of the new functional groups
not be detectable under FT-IR or Raman spectroscopy.
It is hypothesized that the heterogeneous nature of this reaction has made the solid-liquid
interface transport to control the conversion of the reaction, making it impossible to increase
the yield of modification.
3.2.3

Alginate-alkoxyamine (NaAlg-AA) modification.

TBA-Alg-phthal (2) (0.712 g) was dispersed in 150 mL of CH2Cl2 and 1M solution of
TBAF in THF (23mL) was added under stirring and N2 purge, which resulted in the full
dissolution of the polymer. Hydrazine monohydrate (1.57 mL) was added and the reaction
batch was left reacting for 48h at room temperature. After this period of time, the reaction,
which initially was clear, had turned to a cloudy form, sign that the alginate had precipitated,
as well as the expected byproduct. To make sure there was not any dissolved alginate
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remaining, precipitation against diethyl ether was attempted and a small amount of solid was
formed. However, analysis under 1H-NMR showed no hint of the alginate backbone in this
precipitate, sign that all the alkoxyamine modified TBA-alginate (TBA-Alg-AA, 3) had
indeed spontaneously precipitated during the reaction. After separating the solid by vacuum
filtration, TBA-Alg-AA was dissolved in ultrapure water. The solution of TBA-Alg-AA was
taken to dialysis against a NaCl saturated water medium for 2 days, and then three cycles of
dialysis against ultrapure water at 1:200 dilution factor were performed. Further, the solution
was freeze dried, yielding the expected NaAlg-AA (4) (0.343 g).
3.2.3.1 NMR analysis of NaAlg-AA.
Samples of NaAlg-AA were tested in D2O and 40ºC in NMR. In such conditions, 1HNMR (1D proton measurement), gCOSY (Homonuclear proton-proton correlation) and
gHSQCse (Heteronuclear Single Quantum Correlation, C-H) were measured.
Below can be observed an overlap of the modified NaAlg-AA over pure NaAlg:

Figure 18. Overlapped 1H-NMR spectra of NaAlg-AA and NaAlg-AA.
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Figure 19. gCOSY spectrum of NaAlg-AA.
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Figure 20. gHSQCse spectrum of NaAlg-AA in the region of the alginate backbone.
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Figure 21. gHSQCse spectrum of NaAlg-AA in the range of the new signals.
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In Figure 18, four new proton signals from NaAlg-AA can be observed with respect to
NaAlg. It could initially be inferred that two of them would correspond to the protons
belonging to carbons C-2 and C-3, to which alkoxyamine groups would be attached; and the
other two would correspond to the protons of the alkoxyamine groups (-O-NH2).
Nevertheless, it was observed in the HSQC spectrum in Figure 21 that all those four signals
correspond to protons that are attached to carbons, dissipating then the hypothesis that they
could come from alkoxyamine protons. Further proof is found in the COSY spectrum given
that all those four signals show correlation with protons within the alginate backbone. These
correlations prove that all the new protons belong to the spin system of the alginate ring,
hence, they are attached to the carbons C-2 and C-3. It was hypothesized then that the reason
there is duplicity of signal arises from the existence of two alginate configurations, G and M,
which show to have very distinct chemical shift in spite of the fact that they are chemically
identical.
Despite the existence of the former four proton signals, no hint of the alkoxyamine
protons was found in a canonical 1H-NMR spectrum. It was hypothesized that a chemical
exchange of the amine groups with the solvent, D2O, nullified the potential signal arising
from such functional group. In order to detect such hypothetical signals, NaAlg-AA was
dissolved in a mixture of 80%H2O/20%D2O with DSS as described in Section 1.4.1, so that
the chemical exchange does not only happen with deuteriums, but also with protons, which
are detected by the equipment. For such purpose, a water peak suppression pulse sequence
((H)PRESAT)) with a 2-step purge was carried out. In Figure 22, the new proton signals with
H2O/D2O solvent with respect to pure D2O are shown:
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Figure 22. Comparison of 1H-NMR spectra of NaAlg-AA in D2O and H2O/D2O.

It can be observed how two new signals in H2O/D2O arise with respect to D2O, whereas
the intensity of the two peaks corresponding to alginate ring belonging protons remains
unchanged.
In order to calculate the achieved conversion of NaAlg hydroxyls into alkoxyamines from
NaAlg-AA, a quantitative analysis of peaks was carried out. For such, several steps had to
be followed.
1. Identification of one or several reference peaks from the backbone of the polymer
which can serve as integration reference. For such purpose, the full identification of
all the peaks of the alkoxyamine was carried out. In order to facilitate the
identification of each peak, several spectra were used:
-

gHQSCse (Figs. 20,21) along with previously reported chemical shifts of 1H and
13

C for NaAlg.64–66
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Table 1. Chemical shift of protons of D-Mannuronic acid (M) and L-Guluronic acid (G).57,58

Table 2. Chemical shift of carbons of D-Mannuronic acid (M) and L-Guluronic acid (G).57,58

-

gCOSY (Fig. 19) to confirm neighboring correlations between identified protons.

The resulting 1H-NMR spectrum with proton assignments is shown in Figure 23:

1
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Figure 23. Full NaAlg-AA spectrum with peak identifications
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2. Fitting of isolated peaks with Mestrelab Mnova fitting tool, of both the isolated peaks
and overlapped. For those overlapped peaks, an optimization by minimum error
feature was used. The selected peaks for making calculations are: G1, M3, M2-AA,
M3-AA, G2-AA and G3-AA.

Figure 24. Peak fitting for G1 protons.

Figure 25. Peak deconvolution and fitting for M3 and M5 protons.
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Figure 26. Peak deconvolution and fitting for M2-AA and M3-AA protons.

Figure 27. Peak fitting for G2-AA and G3-AA protons.

The resulting areas corresponding to the peak fittings yield the following results:
Table 3. Areas of fitted peaks.

Signal
M3
G1
G2-AA
ctrum
with peak identificationsTable
4. Areas of fitted
peaks.
Area (a.u.)

9259

5813

159.4
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G3-AA
44

M2-AA
51.8

M3-AA
93.5

From these results, it is possible to obtain the following information:
-

Hydroxyl to alkoxyamine conversion:

𝑋PP =

1 ∑(𝐴𝑙𝑘𝑜𝑥𝑦𝑎𝑚𝑖𝑛𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑠)
1 348.7
·
· 100 = ·
· 100 = 1.157%
2 ∑(𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑏𝑎𝑐𝑘𝑏𝑜𝑛𝑒 𝑎𝑟𝑒𝑎𝑠)
2 15072
(Eq. 8)

thus, the overall conversion of the alkoxyamine modification has been of 1.157%.
This low conversion can be explained by the heterogeneous nature of the Mitsunobi
reaction.
-

M/G ratio:
𝑀 (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑀3) 9259
=
=
= 1.592
(𝐴𝑟𝑒𝑎 𝑜𝑓 𝐺1) 5813
𝐺
(Eq. 9)

whereas the M/G ratio reported by the vendor is 1.56 roughly. This denotes that the
goodness of the fitting method is acceptable.
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4. HYDROGEL FORMATION AND CHARACTERIZATION
4.1. Hydrogel preparation
The hydrogel synthesis happens upon the formation of a crosslinked polymer network
that has a high content of solvent trapped inside. The preparation of different alginates was
carried out upon the mixture of polymer solutions that separately had the two different
alginate-based polymers to be crosslinked (NaAlg-Ald and NaAlg-AA). Oxime crosslinking,
along with other carbonyl-based covalent crosslinks, has been reported to have dependence
on pH,67 and its maximum of Keq is reported to be at pH = 4.5.20 For such reason, a buffer
that could comprise both the pH of maximum Keq, but also physiological conditions (pH =
7.4) was sought. MES buffer was found to cover a range of pH = 4.7 – 8.0, which makes it
an ideal buffer for the present study.68 Further, in order to test the hydrogel synthesis at higher
pH, a NaHCO3/Na2CO3 was used.69
In the present project, different designs of hydrogel formation experiments were
conducted.
4.2. Hydrogels with AA - Ald ratio variation.
A first set of hydrogels were formed by mixing NaAlg-AA and NaAlg-Ald-100 solutions
at 5% w/v concentration in MES buffer at pH = 7.4. In this case, the only degree of freedom
left available to manipulate was concentration of the crosslinking partners, as polymer
concentration, temperature and degree of oxidation of NaAlg-Ald (100%) were fixed. For
modifying the crosslinking partners concentration while keeping the polymer concentration
constant, a series of different mixtures of the two polymer solutions at different mixing ratios
was made.
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The hydrogel formation process was monitored in the rheometer with a LAOS
measurement, as described in section 1.3.2. The two polymer solutions were mixed in situ
with a total volume of 80µL at different ratios which ranged from 99%NaAlg-AA 1%NaAlg-Ald-100 to 1%NaAlg-AA - 99%NaAlg-Ald-100. The gelation profiles are shown
in Figure 28a, and the gelation parameters obtained at different ratios are shown in Table 5
and Figure 29a-c. Once each gel had fully formed, stress relaxation tests were performed, as
described in Section 1.3.2 as well, and the stress decay profiles are shown in Figure 28b and
fitted to Eq. 4 using Excel Solver by finding the fitted values 𝜏? and 𝛽. With the resulting
fittings, mean relaxation times (〈𝜏〉) are calculated with Eq. 7 and the results are shown in
Figure 29d.
Table 4. Gelation characteristics of hydrogels controled by ratio.

%w AA - %w Ald
99 - 1

tgel (min)

teq (h)

>24h

G'eq (Pa)

-

-

90 - 10

19.2 ± 4.8

>3 days

75 - 25

8.7 ± 2.0

22.9 ± 1.2

11780 ± 1586

60 - 40

11.1 ± 0.8

16.0 ± 2.0

3663 ± 596

50 - 50

8.1 ± 3.2

6.2 ± 0.9

1505 ± 241

45 - 55

8.9 ± 3.6

5.8 ± 0.7

1450 ± 496

40 - 60

7.3 ± 1.7

4.5 ± 0.6

1058 ± 487

25 - 75

8.9 ± 0.4

3.2 ± 0.7

337 ± 138

10 - 90

6.7 ± 1.4

2.4 ± 0.3

103 ± 22

1 - 99

NO GEL
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Figure 28. (a) Hydrogel formation and (b) stress relaxation profiles for different polymer mixing ratios. Legend
shows also shows the average mean relaxation time of each gel.

Figure 29. (a) Equilibrium storage moduli, (b) gelation time, (c) equilibrium time and (d) mean relaxation
time of hydrogels. The data represent the mean and the error bars represent the standard error of the mean
(SEM) of three different gels for each data point. n=3.
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Theoretically, as the calculated conversion of NaAlg-AA is 1.157%, the ratio which
would be closest to 1:1 stoichiometry of alkoxyamine to aldehyde would be 99%NaAlgAA/1%NaAlg-Ald-100, which would ideally yield the highest crosslinking density and
therefore, highest stiffness.70–72 Nevertheless, the gel formation kinetics for this hydrogel
formulation turned out extremely slow due to the very low concentration of each of the oxime
linkage counterparts. On the other hand, the other limit of the ratios range turned out not to
yield the formation of any gel. Apparently, even if the crosslinking reaction could have
happened, it did not yield a crosslinking density high enough to result in the formation of an
actual gel. Therefore, it is quite likely that a sol was formed instead.
By virtue of the numerical data collected in Table 4, and their representations in Figures
28 and 29, it can be observed how setting different mixing ratios (having fixed the other
variables) can allow to systematically design gels with different stiffnesses (G’eq) from 103
Pa to ~12 kPa, gel stabilization/equilibrium times (teq) from 2.4 h to 22.9 h and mean
relaxation times (〈𝜏〉) from 4.2 h to 27.3 h. However, the only parameter that fails to be
controlled with this method is tgel, which ranges between 6 – 11 min without a clear pattern
throughout the experiments.
Interestingly, the trends observed in which G’eq, teq and 〈𝜏〉 decrease with bigger
concentrations of aldehydes with respect to alkoxyamines can be explained in the molecular
level. While the concentration of aldehyde with respect to alkoxyamines goes higher, the
hydrogel networks move away from the conditions which would yield the highest
crosslinking density, which leads to lower storage moduli. Moreover, the decrease in the
concentration of alkoxyamines, which are the limiting reacting partner, also slow down the
gelation kinetics, which delays the time at which the hydrogel reaches equilibrium. Last, the
decrease in the mean stress relaxation time (which means that the stress relaxation gets
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enhanced) can be explained by the fact that, considering the reversible nature of the oxime
crosslinking bonds and the detachment – reattachment phenomenon happening when an
external stress is applied, the increase in the number of aldehydes locally present around
alkoxyamine groups once they detach due to a bigger excess, triggers the reorganization of
the hydrogel network more easily. In Figure 30, a scheme of such network reorganization
can be observed, both in a schematic way and in the molecular level:

Figure 30. Scheme of hydrogel network reorganization with oxime reversible crosslinking.

Additionally, the stability of the hydrogel networks can be tested by carrying out a
frequency sweep as described in Section 1.3.2, and it is shown in Figure 31:
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Figure 31. Frequency sweep tests on gels with alkoxyamine to aldehyde ratio modification. (○) represents
G’ and (◇) represents G”. All data points were normalized to G’ at f = 0.1 Hz. The data represent the mean
and the error bars represent the standard error of the mean (SEM) of three different gels for each data point.
n=3.

Hydrogel formulations that fall between 60%AA - 40%Ald and 40%AA - 60%Ald can
be observed to have remarkable stability and satisfy the two stability criteria for a hydrogel
network: the value of G’ is larger than ten-fold G” and they are in the Linear Viscoelastic
Region (LVR) at the frequency at which their LAOS measurements are carried out at.
Hydrogels with lower content of alkoxyamine also satisfy these criteria, nonetheless, their
behavior at moderately high frequencies (higher than f = 1 Hz) start to ramp up and disrupt
the trend of the rest of the networks. This behavior may be due to the fact that their low values
of G’eq make the networks need a high strain in order to reach the 10 Pa at which the
measurement is programmed to operate: if the strain necessary for such shear stress is larger
than the actual elastic yield point of the gel, the polymer network collapses and yields.
Additionally, it can be observed that all networks follow a growing trend leading to f = 10
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Hz. This behavior which is repeated for all other gels can be attributed to inertial forces
generated by the fast motion of the conical rotor.
To sum up, ideally, the hydrogel formulations which show ideal network stability
conditions are those in between 60%AA - 40%Ald and 40%AA - 60%Ald. Therefore, in the
study that follows, the formulation 50%AA – 50%Ald is the chosen one.

4.3. Hydrogels with aldehyde degree of oxidation variation.
In this case, the design of the experiment had some variations with respect to that
described in Section 3.2. Hydrogels were formed by mixing equal amounts of NaAlg-Ald
and NaAlg-AA solutions at 5% w/v concentration in MES buffer at pH = 7.4. In this case,
unlike the previous section, the ratios between the two kinds of polymers was kept constant.
The polymers ratio chosen was that selected as most convenient from Section 3.2.: 50%AA
- 50%Ald. Concentration and temperature were kept equal as well, so the only degree of
freedom left available to manipulate was the degree of oxidation of NaAlg-Ald in this case.
As it was described in Section 2.1, by controlling the stoichiometry of the NaAlg oxidative
cleavage with NaIO4, different degrees of ring-opening oxidation were achieved, and even if
the yields of oxidation reported in Table A1 were not exactly the same as the targeted ones,
the target oxidation will be used as nomenclature in the following discussion (e.g. NaAlgAld-25, NaAlg-Ald-50, NaAlg-Ald-70, NaAlg-Ald-90, NaAlg-Ald-100).
The hydrogel formation process was monitored in the rheometer with a LAOS
measurement, as described in section 1.3.2. The two polymer solutions were mixed in situ
with a total volume of 80µL at a constant ratio 50%NaAlg-AA/50%NaAlg-Ald-X, and the
variation of X (degree of oxidation) was carried out. The gelation profiles are shown in Figure
32a, and the gelation parameters obtained at different ratios are shown in Table 5 and Figure
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33a-c. Once each gel had fully formed, stress relaxation tests were performed, as described
in Section 1.3.2 as well, and the stress decay profiles are shown in Figure 32b and fitted to
Eq. 4 using Excel Solver by finding the fitted values 𝜏? and 𝛽. With the resulting fittings,
mean relaxation times (〈𝜏〉) are calculated with Eq. 7 and the results are shown in Figure 33d.
Table 5. Gelation characteristics of hydrogels controled by degree of oxidation.

% Ox

tgel (min)

teq (h)

G'eq (Pa)

100

8.1 ± 3.2

6.2 ± 0.9

1505.3 ± 240.6

90

11.7 ± 1.5

20.0 ± 4.2

5875.7 ± 691.4

70

24.3 ± 3.1

24.9 ± 6.2

4672.3 ± 850.6

50

54.7 ± 5.2

35.3 ± 11.9

3529.0 ± 297.3

25

64.0 ± 15.8

76.1 ± 7.3

4510.0 ± 1835.9

NaAlg-Ald-X

Figure 32. (a) Hydrogel formation and (b) stress relaxation profiles for hydrogels formed with NaAlgAld of different degrees of oxidation. Legend shows also shows the average mean relaxation time of
each gel.
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Figure 33. (a) Equilibrium storage moduli, (b) gelation time, (c) equilibrium time and (d) mean relaxation
time of hydrogels. The data represent the mean and the error bars represent the standard error of the mean
(SEM) of three different gels for each data point. n=3.

From the data that can be observed in Table 5 and the graphs presented in Figures 32 and
33, tgel = 8.1 min – 64.0 min, teq = 6.2 h – 76.1 h, and 〈𝜏〉 = 12.5 h – 56.2 h; were achieved.
In this framework, tgel, teq and 〈𝜏〉 could be easily manipulated, following a trend of decrease
with an increase in the NaAlg-Ald degree of oxidation. The explanation for this, lays on the
fact that, for tgel and teq, depend on the reaction kinetics. Higher presence of aldehydes
enhances the rate of reaction, which results in faster gelation and stabilization times.
Accordingly, it can be observed in Figures 32b and 33d that 〈𝜏〉 can be decreased –hence,
stress relaxation can be sped up– as the excess of aldehydes over alkoxyamine increases. As
discussed in Section 3.2, the presence of a higher excess of aldehydes in the local
environment where an alkoxyamine group is detached from an oxime linkage, enhances the
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rate of reattachment, which overall, in macro scale, is translated into a faster hydrogel
structure reorganization.
Ideally, this design of hydrogel formation experiments would not only allow to control
the stress relaxation capabilities of different hydrogel formulations, but they would also be
able to maintain a constant G’eq. A certain ratio of alkoxyamines to aldehydes would be fixed
and that would fix the crosslinking density, and therefore, G’eq (stiffness) would be fixed as
well, provided that the limiting partner, alkoxyamine, is in great deficit versus aldehydes.
Even if the degree of oxidation of NaAlg-Ald decreased from 100% to 25%, which is the
lowest oxidation formulation used, it still conforms a gel with a substantial excess of
aldehydes, which ensures that the crosslinking density would resemble that of the other gel
formulations. However, it can be observed in Figure 33a that the hypothesized constant G’eq
is not maintained. In fact, from 50% to 90% oxidation, it follows a growing trend from 3.5
kPa to 5.9 kPa, but dropping to 1.5 kPa at 100% oxidation. It was hypothesized then that the
behavior of dropping G’eq at 100% oxidation is related to the breakdown of G-M blocks
configuration of alginate. It can be observed in Figure 12 that NaAlg-Ald-50, 70 and 90
maintain two distinct peaks for the G’s and M’s hemiacetalic protons, which reflects that the
G-M structure is still maintained and thus, the polymer chains are more rigid; nevertheless,
the complete conversion of the oxidation reaction yields a completely linear polymer, which
enhances the mobility of the polymer network, so its rigidity (and stiffness) therefore
decrease. In order to confirm this behavior of dropping G’eq with the usage of NaAlg-Ald100, another set of hydrogel formations at a different ratio (25%AA – 75%Ald) was
attempted. Figure 34 shows that the behavior observed in Figure 33a is repeated in other
polymer ratios, which confirms the former hypothesis that the higher mobility of NaAlg-Ald100 yields weaker structures.
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Figure 34. Storage modulus of hydrogels with ratio 25%AA – 75%Ald by varying the alginate
degree of oxidation.

Last, the stability of these hydrogel networks was tested as well with a frequency sweep
shown in Figure 35:

Figure 35. Frequency sweep tests on gels with alkoxyamine to aldehyde ratio modification. (○) represents
G’ and (◇) represents G”. All data points were normalized to G’ at f = 0.1 Hz. The data represent the mean
and the error bars represent the standard error of the mean (SEM) of three different gels for each data point.
n=3.
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It can be observed that in this case, all the gel formulations satisfy the conditions for
network stability in a large range of frequency decades. For instance, all the gels present a
regular plateau shape at the frequency at which the LAOS measurement was carried out (f =
0.1 Hz). The gel formed with NaAlg-Ald-90 shows higher values of G” for lower frequencies
but aligns with the rest of the networks for frequencies higher than f = 0.1 Hz. At frequencies
higher than f = 1 Hz, all the hydrogels’ G” perfectly align and have a slight growth leading
to f = 10 Hz. This behavior was observed in the gels of Section 3.2 as well, and can it be
explained by the inertial forces applied by the conical rotor. The fact that all the gels show to
satisfy the criteria of network stability and mainly show an alignment in their trends is further
proof that the choice of polymer ratios for this experiment (50%AA – 50%Ald) was a correct
one, as all the hydrogels that it yielded were stable.

4.4. Hydrogels with variation of environmental variables.
It was explained in Section 1.1.1.2.2 that oxime crosslinking has dependency on
temperature and pH.
4.4.1

Temperature study.

First, a series of hydrogels were formed with a fixed polymers’ ratio and alginate degree
of oxidation (50%AA – 50%Ald-100). Solutions at 5% w/v concentration in MES buffer at
pH = 7.4 were made and mixed in the rheometer lower plate. The gelation profiles of the
same mixture were recorded for four different temperatures (4, 20, 37 and 50 ºC), and are
shown in Figure 36:
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Figure 36. Gelation profiles of 50%AA – 50%Ald-100 at different temperatures.

It can be observed that the hydrogels have a clear gelation kinetics dependence on
temperature: the gel formation speed is enhanced at higher temperatures. Nevertheless, it can
be observed that the resulting G’eq remains constant for all gels. This implies that the the
crosslinking density, which is dictated by Keq, remains constant throughout all the
temperature range. Therefore, it can be inferred that the thermodynamic equilibrium of oxime
formation – hydrolysis actually has little or no temperature dependence.
4.4.2

pH and catalyst dependence.

Following the evidence from literature that the oxime crosslinking chemistry is
dependent on pH, and it also can be catalyzed by aniline (whose catalysis power depends
upon the pH), a series of gel formation studies are carried out to test such. Following the
framework of Section 3.4.1, the formulation 50%AA – 50%Ald-100 was used, using
solutions of 5% w/v concentration in MES buffer. As described in Section 3.1, MES buffer
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offers a wide range of pH which is used to test the pH dependence of oxime crosslinking (pH
= 4.7, 6.0, 7.4), and NaHCO3/Na2CO3 buffer is used for higher pH that MES cannot reach
(pH = 9.1). Further, for each gel formulation, the addition of 0.25 %wt aniline is tested. The
data collected are reflected in Table 6, and the resulting G’eq and the presence of aniline as
catalyst is presented in Figure 37:
Table 6. Gelation characteristics of hydrogels controled by pH and use of catalyst

pH

Catalyst

tgel (min)

teq (h)

G'eq (Pa)

without

< 30 s

6.8 ± 1.1

2310.7 ± 969.4

0.25%wt aniline

< 30 s

5.8 ± 2.6

3171.0 ± 1026.5

without

2.8 ± 0.8

7.9 ± 3.9

1804.7 ± 387.3

0.25%wt aniline

1.7 ± 0.5

4.9 ± 2.7

2763.3 ± 1129.1

without

8.1 ± 3.2

6.2 ± 0.9

1505.3 ± 240.6

0.25%wt aniline

2.4 ± 0.4

9.1 ± 4.3

3916.7 ± 1361.1

4.7

6.0

7.4
without

NO GEL

9.1
0.25%wt aniline

44.1 ± 23.6

4.2 ± 2.7

262.5 ± 417.7

Figure 37. Equiligium storage moduli of gels formed at different pH
with and without 0.25 %wt aniline as catalyst.
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It can be observed that there is a remarkable influence of pH and catalyst presence on
both the hydrogel formation kinetics and its final stiffness. First, from Table 6, we can
observe how a decrease in pH leads to a decrease in tgel (even faster than 30 s for pH = 4.7),
and teq as well. In fact, such behavior is observed as well with the presence of 0.25 %wt
aniline but enhanced. In the case of pH = 9.1, it could be observed that the hydrogel did not
even form in ordinary conditions, however, the presence of the catalyst did trigger the
formation, although it was extremely slow in comparison to other examples. From the
standpoint of the resulting stiffness (G’eq) of the hydrogels, they followed the expected trend
of increasing G’eq for lower pH, but this pattern was opposite with the presence of aniline:
even though, as expected, aniline increased the final G’eq for all the gel formulations, it
resulted in stiffer gels then pH increased, yielding the stiffest hydrogel at pH = 7.4.
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5. CONTROLLING THE HYDROGEL GEOMETRY.
Once the framework of achievable mechanical properties for the presented hydrogel
platform has been set, a way of assembling different geometries of alginate hydrogels were
developed. In the present research study, spherical-shaped hydrogel beads and thread /
microtube-shaped hydrogels were synthesized. In order to achieve these different geometries,
the same experimental assembly was used, and the difference in geometry was given by the
control of one parameter inherent to the gel formation phenomenon: the gelation time (tgel).
An important detail to make emphasis on is the fact that the extremely low conversion of
NaAlg-AA (which was found to be of 1.157% in Section 2.2.3.1), makes the polymer
resemble the unmodified NaAlg, whose most remarkable characteristic is its crosslinkability
with Ca2+ ions. In fact, NaAlg-AA still presents such ionic crosslinkability, which makes it a
polymer that can undergo two different crosslinking mechanisms at the same time: ionic
(with Ca2+) and covalent (with the oxime linkage).
An experimental electrojetting assembly was used, and consisted of a syringe of 1 mL
and inner diameter of 4.78 mm, a stainless steel blunt needle of 25 gauge, a New Era Pump
Systems programmable syringe pump, a voltage generator and an aluminum plate with a
gelling solution of 0.1 M CaCl2. Precursor solutions of 5% w/v 50%NaAlg-AA and
50%NaAlg-Ald-100 were premixed and loaded inside of the syringe.
From the moment the two precursor solutions have been mixed, two different options
arise, which determine the choice of geometry that is achieved from this assembly:

1. The jetting is carried out and finished before the solution reaches tgel. In this case, a
canonical electrojetting is carried out as the polymer mixture still is in liquid / sol
form. Therefore, upon the application of an electrical potential of 12 V between the
49

steel nozzle and the aluminum plate with the gelling solution, by pumping the solution
at 1.8 mL/h, a electrospraying phenomenon occurs with the formation of a Taylor
cone,73 yielding microdroplets that gel instantaneously with the gelling bath. In the
gelling bath, these microbeads with the initial shape given by the instantaneous
microdroplet gelation, still undergo the covalent oxime crosslink, resulting in duallycrosslinked alginate microbeads, which are shown in Figure 38.
2. The jetting is carried out after the polymer mixture has gone beyond tgel. In this case,
the storage modulus component has taken over the mechanical behavior of the
mixture, therefore, the mixture behaves as a gel. Due to the prevalence of solid
behavior over liquid, the hydrogel is extruded and not sprayed through the nozzle, at
a rate of 1.8 mL/h, being ejected in thread form towards the gelling solution, driven
downwards by an electrical potential of 12 V. As these threads undergo the covalent
crosslink inside of the syringe, unlike the previous example of bead formation, in this
case the covalent crosslink happens before the ionic crosslink. These threads therefore
end up as well as dually-crosslinked hydrogel threads, which are shown in Figure 39.
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Figure 38. Sphere-shaped beads of dually crosslinked alginate hydrogels. (Reference scale is 1 mm).

Figure 39. Thread-shaped beads of dually crosslinked alginate hydrogels. (Reference scale is 1 mm).
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A scheme of the different hydrogel formation geometries is shown in Figure 40:

t < tgel

t > tgel

Figure 40. Scheme of hydrogel formations of different geometries.

Once the different geometries have been formed, dually-crosslinked beads or threads are
obtained. Provided that the ionic crosslink was used for providing the shape and consistency
in the first place, in order to remove such ionic crosslink and leave a purely covalent
crosslinked bead-shaped or thread-shaped hydrogel, successive washes with PBS buffer can
be carried out. The higher content of NaCl of PBS buffer allows for the replacement of
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crosslinking Ca2+ ions with the native Na+ ions, therefore yielding a purely oxime crosslinked
alginate hydrogel and dissociating the ionic crosslinking.

6. IMMUNE CELL LINE ENCAPSULATION.
Hydrogels of a variety of mechanical properties have been utilized with tissue
engineering purposes,74–78 and the stress relaxation influence on the cell proliferation,
differentiation and fate has been recently incorporated to the study of cell cultures in vitro.79–
81

The alginate hydrogel networks that have been designed and characterized in the present
study were utilized for an immune cell line encapsulation, based on previous works that
reflected the mechanosensing ability of B and T lymphocites and the influence of the
mechanical characteristics of the substrate in cell activities such as proliferation or
activation.82–84 This hydrogel platform has proven to have the possibility of achieving a
targeted stiffness (G’eq), which is a key factor for biomaterials destined for tissue engineering
purposes. Furthermore, the ability to tune the stress relaxation of the hydrogel platform here
presented has been also studied and characterized.
Here, we study the influence of the stress relaxation capabilities of different hydrogel
networks on the proliferation of an immune B-lymphocyte cell line. This proliferation study
was carried out in the thread-shaped alginate hydrogels described in Section 4.
For such study, 2PK-3 (TIB-203™) B-cell line, purchased from American Type Culture
Collection (ATCC®, Rockville, Maryland); was used. The B-cells are grown in Dulbecco’s
modified Eagle’s Medium, supplemented with 10%v/v fetal bovine serum and 0.05 mM of
2-mercaptoethanol (DMEM complete).
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In the encapsulation experiment, the formulation 50%NaAlg-AA – 50%NaAlg-Ald-X is
used, and the changing parameter between gels is the degree of oxidation of the alginate used.
As it was discussed in Section 3.3, these different hydrogel formulations yield a wide range
of stress relaxation capabilities, with mean relaxation times between 〈𝜏〉 = 12.5 h for NaAlgAld-100, to 〈𝜏〉 = 56.2 h. Nonetheless, in this specific case, three hydrogel formulations, with
NaAlg-Ald-50, NaAlg-Ald-70 and NaAlg-Ald-90 are studied, which comprise a range of
mean relaxation times of 〈𝜏〉 = 27.8 h – 49.0 h. The encapsulation experiment proceeded by
suspending the cells in the NaAlg-AA hydrogel precursor solution in PBS + 20 mM HEPES
buffer at pH = 7.4 at a concentration of 2·106 cells/mL to achieve a final concentration of
1·106 cells/mL in the resulting mixture and therefore, the hydrogel once it had formed. The
electrojetted extrusion of the mixture was carried out in order to yield thread-shaped
hydrogels, which were ejected to a gelling solution of 0.1 M CaCl2. After 5 minutes in contact
with the gelling solution, the threads were transferred to DMEM complete medium, and
incubated for 3 hours in order to let the covalent network to fully form and adapt to the thread
shape. After this period of time, three consecutive washes with PBS + 20 mM HEPES and
incubation periods of 5 minutes in between, secured the full removal of the Ca2+ crosslinks,
leaving a hydrogel network crosslinked purely with oxime bonds. The threads, suspended in
DMEM complete, were stained with the live cell stain Calcein-AM in order to set the baseline
for a cell proliferation study.
The cell proliferation study was carried out for 4 days. For counting the cells and
characterizing their proliferation, a microscope EvosTM FL Auto Imaging System was used.
Ten sections of each hydrogel were randomly selected, and their diameter and length were
measured, as it it presented in Figure 41. These dimensions were used for modelling the
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hydrogel as a pure cylinder. Using the green fluorescence channel at which Calcein-AM
shines, the number of live cells were counted in that area along the z-axis.

Figure 41. Diameter and length measures of the control volume for cell concentration study.

In Figure 42, the 2PK-3 proliferation study is presented for the three different hydrogel
formulations utilized, and Figure 43 shows a microscope image of live cells inside one
hydrogel thread:

Figure 42. Cell proliferation plot of 2PK-3 in three hydrogel formulations. The bars represent the
mean and the error bars represent the standard error of the mean (SEM).
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Figure 43. Transparent+fluoresecence overlap of alginate hydrogel thread with 2PK-3 B-cells
stained with Calcein-AM. (Reference scale is 1mm).

The proliferation study sheds light on a remarkable dependence of the proliferation of the
2PK-3 cell line with respect to the stress relaxation capability of the hydrogels. At day 0, all
the concentrations, which were somewhat equal, were normalized, and in day 1, a clear
difference between the three gels could be observed: the fastest stress relaxing hydrogel (that
made with NaAlg-Ald-90 and 〈𝜏〉 = 27.8 h) experienced the fastest cell proliferation in the
first day, the gel with middle stress relaxation (made with NaAlg-Ald-70 and 〈𝜏〉 = 39.1 h)
had an acceptable proliferation, although lower than the previous one, and the slowest
relaxing gel (made with NaAlg-Ald-50 and 〈𝜏〉 = 49.0 h) not only did not have proliferation,
but experienced a slight decrease in the cell count. This proliferation trend was maintained
during the four days of study: at the end of day four, the fastest gel had multiplied the cell
count by 2.2, the middle gel had multiplied the cell count by 1.8, and the slowest did not see
any proliferation, although it was able to keep the encapsulated cells alive.
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These proliferation differences can mainly be attributed to the difference in stress
relaxation, although the differences in stiffness can also have played a small role.
Nonetheless, the difference in stiffness is much less significant than the difference in stress
relaxation. Even if, numerically, the values of G’eq for the gels range from 3.5 kPa to 5.9 kPa
(obtained and discussed in Section 3.3), and the values of 〈𝜏〉 range from 27.8 h to 49.0 h, the
G’eq values arise from a tangible measurement, whereas the 〈𝜏〉 values arise from a fitting to
a stretched exponential decay model in order to numerically rank the viscoelasticity and stress
relaxation. As discussed in Section 1.3.1.2.2, the meaning of 〈𝜏〉 is the mean relaxation time
of each of the exponentials that would compose a continuous summation of superposed
exponentials. Thus, even though the values for 〈𝜏〉 are not far in numerical value, they reflect
a drastic difference in terms of stress relaxation capability of the hydrogel network.
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7. CONCLUSIONS AND FUTURE WORK.
In the present project, the chemical structure of sodium alginate (NaAlg) has been
successfully utilized as baseline to achieve two different modifications which have served
for achieving an oxime crosslinked hydrogel. NaAlg has been oxidized into aldehydemodified alginate (NaAlg-Ald) in different degrees via a oxidative cleavage reaction to yield
the desired aldehyde groups, and these gradual modifications have been characterized
qualitatively and quantitatively with NMR. Furthermore, NaAlg has gone through a several
step modification process in order to yield alkoxyamine-modified alginate (NaAlg-AA): Na+
ions were replaced with TBA+ ions to enable the solubility of NaAlg in organic solvents, and
a two-step reaction was successfully carried out in order to transform hydroxyl groups into
alkoxyamines. The conversion of this modification reaction was determined with NMR
quantitative analysis via the usage of peak elucidation, deconvolution, and comparison with
reference peaks from the backbone of the polymer.
Alginate based hydrogels were crosslinked with the oxime click chemistry, utilizing the
two different modifications that were introduced in the alginate. The mechanical and
viscoelastic characteristics of these hydrogels were tested and several ways of varying them
in physiological conditions were used: varying the ratios of alkoxyamine to aldehyde while
leaving the overall concentration in the hydrogel constant; or varying the degree of oxidation
of the aldehyde counterpart. Hydrogels with stiffnesses of G’eq = 103 Pa - 12 kPa, and mean
stress relaxation times 〈τ〉 = 4.2 h – 56.2 h were achieved. Moreover, other hydrogel
formation conditions that go beyond physiological conditions were tested: temperature
dependence, pH dependence, and the effect of the addition of aniline as a catalyst.
Hydrogels of two different geometries were designed with an electrojetting assembly. By
manipulating the time frame of formation of the hydrogel, carrying out the pumping before
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or after the gelation time, spherical microbeads can be electrosprayed or threads / microtubes
can be extruded.
The present hydrogel platform was used for a mammalian immune B-cell line
encapsulation test. A proliferation study was conducted via live cell staining with
fluorescence microscopy, and it could be inferred that hydrogels which have a faster stress
relaxation show higher rates of cell proliferation that those slower ones.
Future studies will be conducted in the direction of widening the scope of this oxime
crosslinked alginate platform. For such, we will expand the study of the different gel
formulations to all the degrees of modification, will carry out proliferation studies of cell
lines of other natures and will try to enhance the stress relaxation capabilities of the different
gels achieved. Ultimately, our goal is to perfectly mimic the environment of living tissue
with our alginate hydrogel, with a complete and systematic control over mechanical
properties and stress relaxation tunability, in order to culture naïve cells in vitro and in vivo
for tissue engineering applications.
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APPENDIX A: NaAlg-Ald-X NMR QUANTITATIVE ANALYSIS.
Considering the oxidative modification from NaAlg to NaAlg-Ald has been qualitatively
explained in Section 2.1, and the degree of oxidation of alginates can be visually
characterized in the stacked spectrum of Figure 11, such modification can also be quantified.
For such purpose, known amounts of these polymers were dissolved in D2O with the presence
of 5.166 mM of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). Considering the known
concentration of polymers in D2O, the known concentration of DSS as a standard, and
measuring the integration of the peaks generated by the hemiacetalic protons in comparison
to the integration of the peaks generated by DSS, it was possible to calculate the real degree
of modification achieved in the oxidation reaction, and compare it versus the targeted degree
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Figure A1. NaAlg-Ald-25 hemiacetalic proton integration with respect to DSS.

Figure 12. NaAlg-Ald-50 hemiacetalic proton integration
with respect to DSS.Figure 11.
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Figure A3. NaAlg-Ald-70 hemiacetalic proton integration with respect to DSS.
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Figure A4. NaAlg-Ald-90 hemiacetalic proton integration with respect to DSS.

Figure 15. NaAlg-Ald-90 hemiacetalic proton integration with respect to DSS.Figure 14.
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Figure A5. NaAlg-Ald-100 hemiacetalic proton integration with respect to DSS.

Table 2. Chemical shift of protons of D-Mannuronic acid (M) and L-Guluronic acid
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(G)57,58.Figure 15. NaAlg-Ald-90 hemiacetalic proton integration with respect to DSS.

3.0

Table A1. Achieved degree of oxidation of NaAlg-Ald versus targeted.

NaAlg-Ald degree of oxidation (%)
Figure 16. Reaction scheme of Mitsunobi reaction.Table 1. Achieved degree of oxidation of

Targeted
25 %
NaAlg-Ald
versus targeted.
Achieved

23.65 %

50 %

70 %

90 %

100 %

50.42 %

68.47 %

87.93 %

100 %
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